INTRODUCTION'
Air pollution regulations for municipal solid waste in cinerators and resource recovery facilities has, in the past, concentrated primarily on controlling particulate emis sions. Within the past few years, however, increasing at tention has been given to the control of acid gases (S02, HCl, HF), hydrocarbons (HC) and oxides of nitrogen (N0x). Because NOx emissions are perhaps the most dif ficult to control of these pollutants, they are of particu lar interest in resource recovery facilities. The already dif ficult control problem is e x acerbated in resource recovery facilities by the variable composition of the solid waste.
The California Air Resources Board (CARB) has issued guidelines for the' many Air Pollution Control Districts in the state which call for NOx emission limits as low as 140 ppm (dry volume, 12 percent CO2, 8 hr average).
Manufacturers of solid waste combustion equipment have stated that consistently meeting such a low emission limit without post-combustion control equipment would be difficult if not impossible, even though CARB does not consider the available post-combustion control equipment to be adequately demonstrated on municipal solid waste combustion facilities [1] . The state of California also has regulations in place which require new facilities to demon strate that a 1 hr ambient air quality standard for NO x of 470 Ilg/m 3 will not be exceeded at any point in the sur rounding environment as a result of emissions from the proposed facility. A 1 hr standard such as this is very dif ficult to meet.
For the rest of the country, there are no NO x emission limits for municipal solid waste combustion facilities. However, new resource recovery facilities must demon strate that the National Ambient Air Quality Standard for NO x of 100 llg/m 3 (annual average) will not be exceeded at any point in the surrounding environment.
The control of emissions of oxides of nitrogen from re source recovery facilities is a subject which deserves at tention from the resource recovery industry. Even though , there are no national emission limits for NO x from resource recovery facilities as yet, it is clear that many re source recovery facilities which will be built in the future will be subjected to some manner of restriction on NOx emissions whether by regulation or by public pressure. The control of NOx from resource recovery facilities in California is already a difficult problem.
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The purposes of this paper are to:
(1) E x amine the theory of solid waste combustion and typical mechanisms for accomplishing combustion in reo source recovery facilities;
(2) Examine NO x formation theory and current re search into control methods; and (3) Discuss available control technology and its ap plicability to resource recovery facilities.
burn partially in suspension above the grate, with com· pletion of the combustion reaction on the grate. Under fire air is introduced under the grate and passes through the fuel bed. Over fire air is introduced above the grate to assure complete combustion.
In a mass burn resource recovery facility, raw waste is and most research of this nature is based on laboratory scale studies of pulverized coal combustion.
The following paragraphs summarize some of the re-
• suIts of research on the two contributors to NO x formation: atmospheric nitrogen (thermal NOx.) and fuel nitrogen (fuel NOx.).
THERMAL NOx
The NO x that is produced in the flame from the nitro gen present in ambient air is sometimes called "Thermal NO x " since it forms only at high temperatures.
The basic mechanism describing the formation of thermal NO x was first explained by Va. Zeldovich in 1947 [3] . The basis of the Zeldovich mechanism is:
These reactions are interdependent with the first reac tion determining the rate of reaction. Once this reaction is started, it is continuous. The rate of formation is'ex ponentially dependent on temperature and is propor tional to the square root of the oxygen concentration. Since the nitrogen concentration remains essentially constant during combustion, it is not an important factor.
Since the reaction is sensitive to both temperature and oxygen concentration, these are the fust elements to be investigated for Thermal NO x control. Temperature sen sitivity suggests that peak combustion temperatures should be avoided. Avoiding high heat release rates on the grate, thereby minimizing fuel bed temperature is one method for accomplishing his reduction. Another method is to limit the residence time of the fuel in peak combus tion temperatures by "staging" the combustion as much as possible [4] . That is, the combustion should be con trolled so that more partial oxidation of the fuel takes place in the hot fuel bed with completion of the combus tion reaction in a cooler environment above the bed.
Sensitivity to oxygen concentration suggests that ex cess air should be minimized. The research of Pershing and Wendt [5] has shown that NO x formation decreases with a decreasing fuel-to-air ratio. This decrease con tinues until the ratio equals about 0.75 (or 133 percent of stoichiometric air). Below a ratio of 0.75 NO x forma tion increases.
FUEL NOx
The NO x which is formed by the oxidation of fuel bound nitrogen during combustion is sometimes called in these e x periments were mainly influenced by o x ygen concentration [6] . E x periments with coal indicate that fuel NOx is the dominant mechanism for total NOx crea tion [7] .
There is also evidence to suggest that fuel nitrogen con version to NOx will be a greater factor in total NOx emis sions from RDF combustion than from coal combustion. To eliminate the formation of thermal NOx, an artificial "air" was utilized which eliminated nitrogen from the mixture (79% helium, 21 % oxygen).
The conclusions of the study are:
(1) Changing combustion temperature alone does not have a very significant effect on fuel NO x emissions.
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(2) Fuel NOx enusslOns decrease very Significantly with increasing fuel/o x ygen equivalence ratio (decreasing e x cess air).
These conclusions suggest that to control fuel NOx contributions to total NOx emissions from a solid waste combustion unit, total e x cess air quantities should be kept at the lowest possible level without compromising carbon combustion efficiency (fuel burn-out). Song's e x perimental data suggest that fuel NOx contributions start to rise as the combustion air rises above SO percent of stoichiometric. These conclusions suggest that under fire air should be kept at SO to 75 percent of stoichio metric to keep the fuel bed in the starved o x ygen mode with overfire air added above the grate to complete the combustion.
COMBUSTION PROCESS NOx CONTROL
The quantity of NOx dispersed to the atmosphere from a solid waste combustion unit can be reduced in two ways. The primary method is to control the reac tion which produces the pollutant. As a second possi bility, the pollutant might be removed after it is formed. 
COMBUSTION ZONE COOLING AND BURNER CONFIGURATION
The research indicates that cooling of the primary flame zone by heat transfer to surrounding surfaces should be ma x imized to keep the flame temperature to a minimum. Boiler designs utilizing waterwalls in the flame zone for convective and radiative cooling should accom plish the ma x imum amount of flame zone cooling. In addition, research indicates that highly turbulent burners with high heat release rates should be avoided. Furnace designs using moving grates for raw waste or spreader stokers and travelling grates inherently minimize heat re lease rates because the raw waste or RDF burns slowly on a large grate area as opposed to burning in a small, turbu lent burner.
STAGED COMBUSTION
Two-stage combustion of coal in a two-chamber fur nace has been tested and compared to a single-stage com bustor. The results show impressive reductions in NO x
[10]. Also, tests of the effects of varying amounts of over fire air in a tangentially -fired pulverized coal boiler show achievement of as much as 33 percent reduction of NO x emissions at 16 percent excess air [7] . Direct ap plication of these results to solid waste combustion in general is, however, not possible. First, two-chamber com bustion equipment exists only for small-scale mass burn applications which cannot be used efficiently for large facilities. Second, tangential burning of pulverized coal at 16 percent excess air is a completely different mechanism than the moving grate or travelling grate spreader stoker operating at 30 to 100 percent excess air. The literature shows that percent NO x reductions with overfire air ad justments are much lower (10 percent) at the higher ex cess air levels needed to burn raw waste or RDF.1t can be concluded, nevertheless, that reductions in NO x may be achieved in either mass burn or RDF combustion units by providing additional levels of overfire air injection to accomplish partial staging of combustion.
FLUE GAS RECIRCULATION
Tests have been performed which demonstrate NO x emission reductions which can be achieved by recircu lating as much as 20 percent of the flue gas back to the burners of a pulverized coal boiler [10] . The results show a 15-18 percent reduction in NO x formation. The primary effect of flue gas recirculation is a reduction in flame tem perature by mixing the cooler flue gas with combustion air. In addition, oxygen concentration is reduced slightly.
Flue gas recirculation can be applied in solid waste combustion units by ducting cooled flue gas from a point after the air pollution control equipment back to the underflre air fan. Hirayama showed in a 1975 experi- This experiment suggests that this technique might be moderately successful in municipal solid waste energy recovery applications, however, the same effects of flue gas recirculation (i.e., lower flame temperature, and be low stoichiometric under fire air) can probably be ac· complished without flue gas recirculation. By designing the combustion unit properly to maintain moderate 421 underfire air temperatures, and by careful operation of the boiler to keep under fire air amounts to 50-75 percent of stoichiometric, similar NO x reduction effects can be expected without the necessity to oversize all flue gas ducting and fans by 20 percent to allow for flue gas recirculation.
POST-COMBUSTION NOx CONTROL
Certain methods for controlling NO x emissions after formation in the combustion process have been tested and are being marketed. These methods fall into two general groups; (1) Selective Catalytic Reduction (SCR); and (2) Noncatalytic Reduction. Both involve mechanisms by which ammonia (NH 3 ) is reacted with the NO in the flue gas.
SELECTIVE CATALYTIC REDUCTION (SCR)
SCR is a method of enhancing the NH 3 + NO reaction which results in N2 and water. This reaction is very tem perature dependent without a catalyst. SCR involves the use of a titanum oxide and vanadium oxide catalyst to enhance the NH 3 + NO reaction. With SCR, the ammonia is injected into the flue gas stream at a point in which the flue gas is at a temperature of between 500°F and 800°F (260°C and 427°C). This is a much lower and wider tem perature range than is required without the catalyst. The flue gas and ammonia mixture is introduced into the catalyst bed in which the NH 3 reacts with the NO in the flue gas. The choice of V 205 and Ti02 is almost universal among the available systems [12] because these catalyst materials are highly resistant to S0 3 poisoning where Platinum or Paladium are not.
The SCR systems commercially available can achieve 80 percent removal of NO with essentially no NH 3 slip page (or breakthrough). NH 3 slippage occurs when am monia travels through the catalyst bed without reacting .
This phenomenon can cause the formation of ammonium sulfite or sulfate which can foul the air preheater and cause Significant problems. In solid waste applications, ammonium chloride also can form due to the relatively high chlorine content in solid waste. Ammonium chloride is difficult to remove by any control device and has caused a visible plume when formed.
There are presently 62 full scale SCR processes present· ly in operation. Twenty.six of these are on units larger than 33 MW and seven are on units larger than 330 MW. All of the units are on oU or gas fired boUers with twenty five units exposed to SO, and particulate. In the US, the first large scale SCR unit has been applied to half of Southern California Edison's Huntington Beach station which is a 215 MW gas and oil fired unit. This system is There are potential problems with the use of ammonia injection on boilers burning municipal solid waste or RDF.
The ammonia can react with other species found in the flue gas to produce NH4 Cl, (NH4)2 S03, (NH4)2 S04 , etc. Each of these compounds can foul boiler preheaters and will cause a very visible plume. Acid gas scrubbing equipment will remove a part of these. constituents but NH4 Cl is particularly difficult to remove. A test of am monia injection on a municipal incinerator has been per formed in Japan on a unit which was also equipped with acid gas scrubbing equipment. The NOx was reduced by 60 percent, but a plume caused by ammonium chloride (NH4Cl) formation was visible for about five miles [15] .
There has been very little e x perience with noncatalytic ammonia injection systems in units burning solid waste. It is not likely that these systems will achieve widespread use until more operating data and cost information is collected.
SUMMARY AND CONCLUSIONS
Because of a growing concern among regulators and citizen groups regarding NOx emissions, designers of re source recovery facilities must be aware of the available NOx control technology. This paper has reviewed NOx formation theory which suggests that NOx formed from fuel-bound nitrogen is most likely the dominant forma tion mechanism in solid waste combustion. This paper has also reviewed techniques to reduce NOx formation in the combustion process. The most effective of these techniques for solid waste combustion units are:
(1) Design of the combustion unit to minimize grate heat release rates while still meeting the minimum solid waste burning capacity restrictions of the particular project.
(2) Design of the combustion unit to include additional overfire air injection levels so that partial staging of the combustion can be accomplished by operating the unit with below stoichiometric under fire air. 
